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Chapter 1

Introduction

l{(IccTItly, ATASA has ado])t  (x] a IIlissioll to (l(w(:Io]l %llall(!l’, faster, Ch(’a])(’r,  a n d

1)(’L1(’l’” S])acccl’aft!. ‘] ’]1(: icl(la is  to 1:]1]11[:11  s(:wral 10JV (:ost IIlissiolls ill tll(! ])1[1(’(!  O f

011(1  IIlassiw  s]m(:c ])rol)(?. (hie of tllc  ])ivotal  cliallclig(Is to this IJ(:}V  ])l]il(m])l]y  is to

(Icvc1o]) ‘[liglltcr” sci(mtific  ]m~’loa(]s,  or slllall(!r, low lllass,  l(m’ ]J(nVcr,  all(l low cost

iltslllll]l(!lltailioll. ‘J’]1(:  s(:i(l](:c o f  llli(:lo(!l(:ct]  olllc(:ll:illi(:  til” systclns  (M1;MS),  wlli(]l

Ilscs llli(:lOlll:i(:llillillg  t(d)llol(y,y  (I(ndolml I)y tllc  s(:llli(:oll(lllctol”  i]ldustry  to l)~lild

llli(:lolll(’(:llallical s(ru(:tur(!s,  is ]mfccily ])ositjiolt(’(l  to Il)c(l tl~(w(: goa l s .

AIII[)IIg tll(: i~lstru?]l(:~lts  hfl II;N’IS ](:s(!iil(l)(!]s a]t strivi]lg  to ])(:rf(:(:t,  tl](:  :; Y1osco])(:

is  r(wivillg  consi(lcral)le  att Clltioll. IMostj  of tll(:  lvork Iwillg (Iollc is ill tll(:  a r e a  o f

vil)ratlory  gyroscol)(:s, wlli(:]l  llavc 110 l)l(n’il)g  ])arts and r e q u i r e  1(:ss ]mww  tllal]  tra-

ditional  rotlat)iollal  scll(:lllcs. ‘J’11(:  i{l(’a is tltat  if a ]t)ass is l~l(nillg along a straip;]lt

lill(:  tra$j(x:tory  ali(] a]) aIIgIIlaI rak  i s  a})])lic(l  ])(:l])(:ll(li(:lll:ll  to this lil]car  lnotioll,

lJIJ(J Coriolis force will  ])IISII tlllc I]lass ill tli(: t}lil(l  ])c:l])rcli(:llltll  axis, as sllo~vll  ill fig-

111’(: l - l a . ‘J’ll(n(:for(:,  i f  a  I]lass i s  Inad(! to vil)ratc  a]oltg  tll(?  illstrul)lcnt  x axis,  all

al)])li(d  angular  rate i]! tli(:  z (Iilvctlioll  Ivill  (::]11s[! a I’il)ratioll  along tll(:  y axis tllatl is a

s(]I”j)r(:ss(xl  carri(:r fr(xlll(!ll(y l(:~)l(:sclltatioll  of tllc  allp; lllal’  rat C, as sll(n~’11  il] figure l--

1 l). ‘J’llis  cfl”(!ct  allows  ]mfcct  (I(wu])lillg  of drive all(l scllsc, all(l is t}lc(jr(:ti(:al]y  alt

(w(:(:ll(ult  lnct)lo(l  of gyr(wol)ic (Ictcctim].

11) tll(: ]Mst, vil)ratory  ~yrosco]ws  IIav(!  Imn larg(Ily illl])ra(:ti(:al.  ‘lllc lnal) hours

rcquid t{) nlacl)i])(!  i)  IIlass  l~rlli(:ll  1! ’0111(1  trawl t  11(! (lrilw tra jcct(ny  ])crf(xtly  lvcr(:
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100 (xjwnsiw to (:ol]l]xic  Ivitll mtatiol]al  ~,j’msco])(Is. IIo}v(x’(!l’,  ])(’1’f(X:t  Illildlillillg  is

a  faJ I]]()](: attaillal)l(: gml ill Ml; hlS. lJllfoltllliat(ly, it] g(>II(val  N1l’;hl,S  RJTOSCOIKIS

(I(xdo]xxl  to (Ialr(:  ale so l o w  l]lass  that,  tl](’~’ (lo not, IIavc tll(:  msolutiml  to (o]])]wto

witl]l  (:l]tm)d)d  la]g(:]  g~]m, (nml fol s]m((~  :i])l)li(’:~tiolls. ‘1’11(}  ,J1’1,/lJCl,A  gym i s

li(~i~~i(:ltl];ill  ]nost. lJ1lfoltllllat(:l~,  its{lfl"(~lsfl  ()llllll:ill~()  ftll(:lll  a(:lli~lillgl)~  ()l)l(:llls()f

it,sall(:mtow,  sill(:(:clill(:llll~  il](`~ril)~:ltil]  gl]liissis  ll()tltl  i(l(Jlil:l(  :llill(:(l.  ‘I’])(%C  l’alldolti,

till)c  varyil)g  ]wol)lrllls  ]l(!d to 1)(: ill(:c)l])ol~~t(’(1  il]to a  silnl)l(:  nlo(ld  wlli(:]l  (all tll(:ll

lx: mm]  to sill] ulaic actual gyro  iqmIIs(I a s  w’(!11 a s  to (I(xwlo])  ml-)ust (lrivil]g  all(l

s(~l)sill~  s(:ll(:ln(:s  all(l  o])tilllixc  ])(!rfol’lll:lllc(’.

Cl)a])t(v  2  (Ic!scril)w  tllc  ,11’1,/[J(;l,A  llli(lc)~ylos(:oj)c,” ali(l tllc  (wnwlt  ]Jll~si(al

1110(1(:1. CIIa])lcr 3 outli~lcs  tlI(: tmtilk~  l)r(wss  for ]mototy])c gyros, cx+lt]ines  the

r e s u l t s ,  and l i s t s  (I(:fici(vl(:i(x  ill tll(: tll(mt(:tiwl I])o(ld.  ‘1’llm(!  aw tll[!ll  Com!d(d  ill

(:llatlx!r  4  by (:xalrlillil)gsll):lll  ])(!ltllll)iltiollS  :111(1  stocllastli(  cf[(:cts.  111  Cllal)t(:r  5, tll(!

t e s t  d a t a  i s  us(d to I)utl l~)agl)itu(l(x  (MI tll(: I)(N’ 1110(1(:1,  a n d  t!ll(! Collll)llt(’1” ])1’ogralll

US(X1  to sinlulatlc  tlllc  gymsco]w  i s  ])lmnltc(l. Cllal)tt:r  6  sup,g(:sts  illl]lrov(:lil(’llts  to

(!lilnillatc  some  drift (mol. Coll(:lusions  ar(! sul]ll]]aliz(xl  ill (:lla])tcr 7 .

11



Chapter 2

JPL/UCLA Micrornachined

Vibratory Gyroscope

2.1 Operation

‘1111(: .)1 ‘1,/lJCl  IA gymcq)c is dq)ktd ill figlll~! 2-1.  It is also k]l(nvll as tllc  “cl(nw-

lmf” gyl”os[x)])[:. ‘Jllc outer fralllc,  sul)l)ort  (:alltil(w(w, a n d  l)ad(ll(!s  ar”c Ct(:ll(’d as 011(!

l)i(w fmln a sillglc  Crystal  si]icoll (S(;S) ;!af(:l’. ‘1’1](:  lmst, (n] tlIC otl](:r haII(l,  is IIlacro-

lrla(:llill(d  s(qmatd~  fro])] l)rass, ]nallually  ills(!rt(d  into a llolc at th(! Cmltm’ of {11(:

]m(ldlm  al}d .gIuc(l ill ]Jlau:. ‘J’llis ass(vlll)l~ is tl]m]  l]]ou~ltcd olit,o  a qualtx  lmsq)lato,

wllidl h a s  f(m~ m(:tal  dmtmd(!s  tliat lill(:  u]) ull(lm  tl)(: foul. ]m(l(ll(:s.

hldlarlicall~,  t,hc ]mst  al)(l  (:l(wml(mf  stru(:tum forlll a swml(l  or(lm  s~st,(:][~  W1lCM:

tl)(: ]mst  is tlh(:  mass all(l tllc (:alltil(nws  am tllc s])lillgs. 1“1’[)11) tll(! Slll)])m’t  g(!mtld  I’y,

it i s  assulnd that  the lnass Ulldmgo(% Il(!gligil.)lc  tltl]lslatiol]~~l  (Iis])l:l(:cl]lcllts  ill tll(:

i]lstmln(!lltl fralnc, al](l tl]cmf(m olll~ r o t a t i o n a l  (lis])l~](:cl]]cllts  11(:(I(I  to I)c (Iis(:ussd.

l~igulc  2-1 sl]ows tjhc tjllm(: ]msil)lc  lot at iollal (lisl)lti(:(:lll[:llts, a n d  tll[! t}lI’(!c  Col’l’(:-

slmllding  fundammltal Vil)ratiollal  110(1(!  lill(:s.  III oIx:II air, tlI(: syslelll  is extrclll(:ly

owdalll]d,  [J]ICICI wcuu]n, al] tllcs(: I]](x1w Imcoln(:  msollallt.

‘J)llc  cniiw Clwolcaf  ass(vlll)l~ is dc(:tli(:all~

td(:s 0]) tllc  lmsq)lat(:  arc not. ‘J’ll(mfol”c,  WII[’11

all (’lcc. tmst)at)ic form is cmatl(x]  wlli(:ll  CaII II Im’C

12

gyouIIdcd.  1 IOW(IW, tll(:  in(!tal (:lcc-

volt,agm aw al)] )li(xl  to t 1](: lmsqdate:

I)otll tll(! (:lovcrl(!af  all(l  tllc  post’. 1 1 1
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‘1’al)](: 2.1: ‘1’~l)ical  lTal U(IS for l’)ljwi(:a]  l’alal]l(:t(:m

])arficular,  a])])lyirlg a ~wltag(! UII(l(Y  h!]  all(l h12 causes movmllcllt  awuIId  tlm O or

dliw axis. ‘J’]](:  gyms(n]w  is(lriwvl 1)~ a])])l~il]g a stli(:tl~ ]]ositil(~])c:lio(  li(:li;~~(:follll

to t])cs(: ]m(l(llw  at tllI(!  rcsolIaIIt  frcqll(:ll(:y  of  tlic  O Inodc.

‘J1lI(:  a])l)licatiO1l  of a (miolisfom:  {otll(:  illstl(llllcllt  ,z axis will Caus(:  tll(:  ])(x+t to

])l(X(!SS. ‘J1llis  mot,ioll (all ))(! (lct,(:(:tc(l  a]l(l ]D(:asud  lry lnollitolill~  tllc (lifr(’lc!~l(w  ill

t,}l(:  (lisj)l~~c(:lllcllts  o f  l)addl(w  h43 aIId h44. l’oI sII]all  ~l](wclll(’llts, tll(! Clll’1’cllt calls(!d

l)y a  clIaIIg(:  i n  caj)acitall(:c  Imtww:ll  tll(:  ])a(ldl(:  all(l  tll(> ))as(:])lat(:  i s  allnost Iill(:all_j

})lol)oltioltal  to tlll(:  tilnc Iato o f  (:)iatlg(: of tll(: (lisl)lac(:lnc]lt. ‘1’ltm:fom, a  (:imlit

Ca]ml)l(:  o f  scllsillg  tjl](:  Cumnlt g(!])(nat(xl  I)y cad] of tll(:  tww l)a(lcll(:-(:lvctl  ocl(:  ]mirs

tllld tlll(!ll  sul)tlactlillg  tll(:~ll  w’ill actllal]y  1)(: l)du(:i)lS a \701t,ii~(l l(:])lcsel]t,ati[)~l  of t,llc

w:locily  of vilnati(nl  alO1l~ tll(:  @ or s(:llsc a x i s . ‘1’1](: an)l)lit,u[l(:  of tl]is  wa~wfonn  is

])lc)})oltliollal”  to the al]gular  rat(:. Ilotc  a l s o  tlbat  by ad(]illg  tlI(:  t~vo sig]lals,  onc  call

also l) IO(IUC. C a ].(:l)rcs(!]lt:ltiorl  of t,l)(: vclo(:ity  of III(!  vil)ratio~ls  along III(!  (lrivc axis.

2.2 Theoretical Model

2.2.1 system
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t () (1(,2

LJII(I(Y th(~ il)fluc]]ce of an al)]) li(!(l  aIIgIIlaI  rak i]l(~]]~  tllc  z axis, a coriolis  t o r q u e

t(!rlll  is crcatd along tllc  ?/) wl)i(:l)  is tll(: c r o s s  ])m(luct  of tll(!  illl~~llal’  rak alI(l tllc

drivi])g  ]]]otio]]. ‘J’llis  is givul  I)y

‘J’llis  l)m:(:ssioll  vil)raliOIl  wil

again, Of

l)lat,(:  aII(l lEI(l(II(w  h’11 aIId hf12, usd to dliw: ~il)ratiol]s  alo]]g II](!  d

1)1(:  to illdud(!  tl]is ln(d]a]lisln  ill tll)(:  (d(x:tmst ati(: fol(:illg  C(luatioll.

(:llang(x ill O wm! W) s]nall  to C(nlsi(l(:l., this (’fl’(xt is also  igllc)ml.

axis.  IL is

IIow(xl!r,

‘J’ll(:mfom,  tllc final,  silll])lcst

call l.w giwn l.Jy

)osssi-

llst as

)ossi  )1(: (Xlllilt, ioIIS  for t,lle (Iyllal]li(:s  Of tllc  gJrmsCO]K

2 . 2 . 3  13hxt,ronics

Asslat(xl  ill the ()]matiml smtioll, t h i s  ~~ms(w])(: is I)otll (Iliwll  and s(:rIs(d  (:lwtlm-

stat, i(:all~~.  ‘J’11(: dlallg(:s  ill (iis])lil(:(:lll(:llt  caus(:s (:lIalIg,(Is  irl tll(! Ca])a(:itlall(x  l)(!tw(:ll

tl]c l)as(q)lat(: a n d  l)c)tl~  h43 all(l M4. ‘J’ltcrcf(w(:, if a (x)l]stal]t I)ias wltagc is al)])lic(l



to t}l(! lXIS(:])latl(!  (!l(!Ctl”()(l(!S, ii Cl]l’1’(’tlt  \vill  IJ(’  g(!ll(!l’ilt(}  (l.

(2.10)

(2.12)

(2.13)

‘1’}1(’s(’  si~rla]s  f(d l)Otl) (Iif[clmltial  ali(] slllllllJillg  aln])lifi(’r cir(uits.  ‘J’]](: (lifikr(nlt,ial

alll])lifi(!r  sul~tlmcts  IIIC t,lvo, whi(ll is J(Iall~ a wltagc 1(’l)l(:s(’lltt\tiOl!  O f  tll(: w’IOcitl  Y

O f  {l). 1+’01 sirlllsOidal (lisl}l:ic:(:l]lcllt,s,  th is  is  just, tll(:  (Iis])la(w]lmlt, }yitl)  al] alllI)]it,ll(]C

gain  ])lo])[)lt)i(~l]ill  tO tllc fmquml(;~~ a]i(] a (Jua(llat,llm  ])1]:1s(:  (lis])lti(:(~l[l(~]it,.  ‘J’llis  is t,]l(:

olltl])ut,  siglla] Of tll(! gyms:.

‘J’]](! sultllnillg  al)l])lifi(!l  1)]()(111(:(:s  a ~wltag(:  l(:])lcs(:]lt,;ltiol)  O f  ti. ‘1’llis  Outj)ut  i s

l]s(d  to tum tlll(:  gymsm]x!  irlto  a  (wcillatol’. ‘1’l]c (Icliwitivc  i s  n(n]llfiliz(xl and f(!(l

l)a(k  as tlll(: driw signal, (:ausil~g tl~(’ ~yws(x)])(!  t 0 Vil)rat  (: at, tll(’ l]atuta] fmqll(:llcy  Of

tll(: O l]](d(:.  11~ ])lacil)g  a Vaiial)l(:  gt]ill  011 this  f(wdl.m(:k sigl~al  and I]]akillg this gain

J)l’()])()lti()llal  tO tllc  illt{:gral  Of tll(’  w’lo(:it,~  al)]])lit,ll(le  (:]101,  it is ])(wsil)lc  to t,ulll tllc

gyl(wo])c  (11’iw:  a x i s  illtlo  a s(’lf os(il]atiltg  syst(ul] smvo(d  a kIl(nvII  d. III otll(!r  ~vords,

tl)(! il)l)ut  t,orquc  to tllc!  dri~w a x i s  O f  tll(~ g~Iw(:()]x:  sIIOUI(I  1)(:

(2,14)

17



WII(’N!

(2.15)

t 11(:  Sqllal’(! of tll[!

to flI(: l)ascplatc.

2.3 Summary of Final Theoretical Equations

‘1’IIc fi])al t,llcorctlica)  quatiolm  Of tllc  gyrmco])e  after ]naliy  siln]difyillg  assul]l])tim]s

1)(!(0)11(%

~(’j:;”” [1’;,,  (i)]2 -1 (21@j))fLloti ‘1 0!/)0 ‘1 ti*O  :  - (2.16)

1’01 tlI(J  (:l(:ctrolli(:s,  if VI , It aIId fl(I a](! d(:finc(l  as ill sect io]) 2 .2 .3

(2.18)

‘1’1](:s(:  formulas gave tllc  IIlic~c)gy]os(:ol)c”  tCaIII a fra])]mwrk for cx])cctcd  lwllavior

a n d  ]llagIllt)ud(!s  of Val’lous  1’(%])011S(%. J l(w(nw, sil)c(:  tll(: tll(!(mt  ical ]nml(:l  U]ml

wlli(:l]  t h i s  w a s  l)as(xl uws (nltjir(:]y i{l(:a]  a])(l ])()]]~(:])(’]:]lix(’cl, it wws assLIIIld  tll:~t

oxl)(l]i]~~c]ltatlioll”  would 1)(: ndc(l to rcfil)c tl)c ])r(xlicl(!(l  values. ‘1’llis  ]I(xt s(:ction is

a l)rcif  (Iwcri])tiol)  of the ])rclirnillary  kst il)g of ]nototy])c  gyrosco]ms  to t’alidatc tllc

almvc  equations.

18



WJ
e
2--.
-x

u
a

-.
7?

P
(D
m

,.
,

.
: ,+- >“-
.,..  - -, s

..



Top Vll;w

(Into  Optical WindOw)

Sll)}:vlliw

(Iintirc ‘1’csting  Station)

I [-”- S]) C.CtlLllll
‘ - I

M

I

I ]ntclfcromfxcl

m “ ’ ’ ’ ’ ” c’IL ___
1.

Micro-

1

Vacuum

ani]mlatm Chamhc.]
I

~__

lAI 1 ,ascr

.!

% ‘- ‘---I’tlase 1 .Ock-111
{ Analymr
1 . . -----

-r ‘- Sigaal

‘  L. “c:ra’:.
~ ------- --—- ------  ,——

]solation  Table

I

L .–_ ----- -------- . . . . . . . – ,

.

Computer

—.

20



i]) figulc 3 -1 .  ‘1’1)(:  gymsmlx: is ])la(xxl  ill a s]]lall va(:uutll  (:llaltllm (almat  50 1]1’11011)

}Vitll  a s(!al(xl  ()])ti(:al  will(lmv al)(n’c ii all(l  four  (:l(x:tri(’al  ])ml)(;  f(dtlllougl)s.  ‘1’11(’

(llall]lm is gmun(l(xl. ‘1’11(! gyro  (!lelll(:llt  (l)ost alI(l ]md(lles)  is gmul)dd  to tl](: (lIaln-

lm. l{;a(:ll  Of tll(: l)rol)cs  is attadl(x] to 011(: Of III(; (:l(:ctm(l(:s, all(nvi]]g (!a(:ll  ])latctc)

l)(:(:olltlolle(  lill(li~i(lllt~lly.”  A l:is(:li  l~t(’lf(:~cjl]l(  ’t(’1, Illoullt(’(1  ol)toa” ~l]icrolllallij)lll:~tc)l

wl)i(:ll  allmvs lnm’(unmlt  ill tll(’ x, Y al)(] z axis(’s  ils lv(Ill  a s  s]nall  aligalal” mtatiolls,  i s

])osit,iolld” m’(!r 1,11(! wilI(lOw , so I]lat it, call II I(XISIIIC lllov(:lIlcllt  Of ally ]millt ml ally Of

(ll(!gylos(:ol)(!  ])ad(lks. ‘J1l](:  clltilcas  s(:l)ll~l~is  s(:(:lllC(l  toa])ll(:lllllatic  isolatiolltal)l  (:.

‘1’}1(:  ilt])ut,s  to tljc  gyN) a]x! f(xl 1)~ (!itll(:r  a  sigl]al ~(:llcratol 01 wllitc  noise  fmln

a  (Iy]lall)ic signal  al)al~m]. ‘JIII(: Out,])ut Of tll(! Ias(!r illt(:lf(!lc)l]l(  !tclisl)assr(l  tllmu~)ll

Ix)tl]  11)(: (1~’J]alni(:  s i gna l  allal~zcr, a]l(l a ldlasc  lock-ill  a]lalyxm l’cf(!l’(mc(!(]  l)y  tll(!

Sigl)ill g(!lj(vator  Ollt])l]tl. lk)tlll  all:llyz(:lo  llt])llts:ll  (:tll(:ll  fc(l tot~cc)lll])(lt(  :ll(lllrlil}ga

\~isual  IIasi(: a})])licatiOll  slm:ifically }Vlitt(:ll  for 11](’s(:  t r o t s . All ilt(:illst~ll~l) (!lltz~iiol)

i s  a l s o  coltl])utcr  (:ollt)mll(xl  (ml a GI’111  1)11s. I’;l’(!lltJl:lllJ’,  tll(!  llli(’I’(~lllillli]  )lll:ltol”

w i l l  llav(: G1’111 (:ontjmllal)lc  a(:tuat(ws,  an{] dll tl)(; ])m(:(xlums  for t h i s  t(wt will 1)(I

(:OIlll)ut(!r  (:olltmllcd.  lJ1lf(~~t(llt:lt(:l~’,  at, tl)is  till)(’, tll(:  ()~)(’1’at()r  11111s( still ])ositioll”  tll(:

]as(’1” illt!(!I’fcI’OIIlctcl”  IIirlls(!lf.

'JIJv() s(:])alat(:Lc sts(:[ll]l)( ll~lllillt  llissttlti()ll.  l`ilst,I\'  llit(:ll()  is(:istl  ])l)li(:(lt()(  )ll(:c)f

tli(!f  Our lmdcll(:s,  al](l t,l~(: illt(’l$f(:lolll(  ’t(:lisl)l?~c(:(l  alxwc it to lll(~aslllc(  lisl)l:i(:(:lll(  !llts.

‘J’])(:  out})utl gms to tl]c  (l~~lallli(:  si~,llal  aIIalyxor  wlli(:ll  cal(:ulat(!s  tile  s]mtlul]l  O f

tll(: signal  llmmalim(l  l)y tllc  wllit(!  lloisc. ‘~ ’] JiSt(!St C211J  lwIIs(I(l  to])il)])oi~ltrcs  ol)al)t

fr(:qu(:ll(:ics,  wl)id),  in vacllulI1,  a])]war  a s  slIarl)  ])caks  ill tlt(: s])cctrul)l.  (;cl J(:Ially,

tllcrc arc tl)r(w ])caks,  oIlc fm tll(:  dri~’e msollall(x!, 011(! fOl S(’llsc lcsollallcc)  a n d  011(:

fortll(:  ‘(lmul)(m)’  mod(:)  t\'ltCl(:t  ll(:(:l)lil(:g~~(  )(:l(:l)l(:l)tJistl:  ~llsl:itillgal()  llgtll(:z  ax i s .

‘1’l]c l)(mDc(: m(xlc  mwnarlt  fmqu(vlq i s  g(v)mally  ]IIu(:ll  lli#10  tlllall  tll(:  rotational”

l’(!sollallc(!s.

OIIC(: tlhc I(:sollallu:s  am (I(:t(:l]llill(:(l,  tllc  ill])ut  i s  s~i’itcl](xl  flolll  wlliic llOisc  tc~

{1)(:  signal  g(]]lcratlm, wllidl  is tull(:(l  tO ()])(: Of tll(m:  fl(!qumcics. ‘llll(? illtcI’fol’IJl(  ’tcl”

is t])(!ll

at cac]l

swq)t,  a c r o s s  111(:  ama Of tllc  g}m lm(l(llcs, a]l(l (11(: lnagllit  u(1(: Of tll(:  ]mak

]msit,iol]  is 1(:(:0 ](1(: (1. ‘1’11(:s(:  va]u(w are tll(ul j)lott(xl  two  (Iil]l(:llsioll;illy  a s  a
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Si~nal  Gcmmttor

Y

l’h:isc  1.Ock-in I

I

I

1 [“”-”----”--1COmputcr

L

ful~(:tion  Of lmitiO1l  to IJrOduc(x a ])idllr(’  of tll(:  ]n(xlc s]la])c. ‘1’llc t(:st is r(qwatd fol

(:a(:ll  r(mnant, ]x:ak fmlll(l  in tllc  slmt ru]]l. ‘J’]lis  WIay, t,]lc Slla])c of (:a(:ll  1110(1(! (:all 1)(!

quickly  (I(:tl(’llllill(:(l. (hlcc las(:r ]mitiOrliIlg is autlolllat(x],  tl]c static (:llala(:telistics  Of

a)]~ ]miot~~])(: g~m call 1)(! foull(l ill m:(w(l  t iltl(:  wit 1) tll(:  Wucll Of l)uttoll.  If dcsird,

tllc  r e s u l t s  O f  mlc t(xt  grml]) (:a]l lw v(:rifi(:(l  l}Y al)])l~illg  t))(: i]]])uts tm a (Iifrme]lt

]M(I(I1(:s.  ‘1’h(~ (Y](1 mults,  mollal]t  fr(x]ll(!ll(:ics  al)(l II I(N1(: s]la]ms, sllOul(l lx: i(lmltical.

3.1.2 Rotational !l’csting

‘I1lIC ot]icr two trots am l.mt]]  ]mf(mll(xl  011 tllc  salnc station  ~vllidl is sll(nvl)  sdlclllat-

ically  in figure 3 - 2 .  ‘1’1)(:  fgw(m(n]m  a]l(l 1)1(’:il]ll)lifi(’l  cir(mit  arc ])lac(:d irl a  largm

\’a(:lllllll  Clla Illl)(!I’  (agai  Il, al)outl 50 JII’~’on),  a t  ()]) a  ~)latforln  whicl)  i s  moul)t(d  to a
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rotary  \’a(:lllll  Il f(!(xlthmlgll. outsi(lc  tl)(’ vacuull],  this f(wltllmugli  i s  (Iril’(’11  IJY a

l)mx’siOll rat)(: i,ald(!. ‘1’]) (:1( I alv also  (11(’(tmlli(s  f(’(’(ltlllollgl]s  Jvllicll  am (:O1lll(xt(!d

t)O ]mw(n, tllc (lrivc in])uts,  al]d tl](: smwc out])uts  witllill  tll(’ (:llalt]lwr.  outsi(lc  tll(’

d)anllxn.,  t,}lc drive ill])utl  is fd l)y a]]otll(:r  siglla]  g(ulmator,  a~ld tll(: S(’IM (mtl)uts  ar(!

f(xl to a]j(}th(:l  l)l]as(~ lock-ill  wlal~x(’1. ‘1’llc tal)l(~  all(] t}l(! illstllllll(’l)tatioll  arc OIIC(I

again all mill])utx:r  m}tmll(xl.

‘lll)(! tal)lo  caIl lx! sot,  to I’otlat(! at S]) C(!(lS Of  4 ().01 d(!g/s(’c u])  to :1 99.99  (l(:g/s(x;

via a 1)(; vOlt,agc ill])ut. III this way, tllc Collll)ut,(v  call s(’t tll(’ a])])lid  a]]gular rat(’

to ally s~w(xl  i n  tll(:  almv(! rallgc all(l  k~lltoll]ati(ally  mxwd th(! gyms(w]x’  r(Is])OIJs(:.

A  t(’stlillg  algOritllln  has h(m)  sot u]) wmc  t}l(:  ()]wrat Or (:llo(ms  a start, a]lgular  ra te ,

all(l (uld allgulal  rat(~, and t}l(:  ]]uln}m O f  ]mil]t,  s lwt~vm!l]  t,llcs(:  two va]um.  F’irst,

tl~(: C(nn]mt(:r calmlat(x  t,l]c s(!ri(w  Of aT]gular mtcs tll(:  O]matOr ]las r(:qu(’st(d.  ‘J’h(:l]

t]){: tlal)lc is  sj)un  at th(! start rat(! fOr a l(ulg(ll O f  t,il]]e, d(~]m~(lin$; 011 tll(! Cumnlt,

illt(’gratiO1l  tilnc co~lstallt<  Of tll(:  Of t,l]c ])l~as(~ lock-ill. A t  tll(:  (111(1 of this Jmiml, tllc

(wIr]])utt:r m(mds a s(:ris  Of voltage  11}(’t~slll(’ll](:llt,s. ‘1’1](:1),  it sto])s  tll(! tal)](:  for tllc

sal]l(l  l(:ll~tll  Of t,l~at, it ]~’as rOt, at, illg, al)(] Nxwds tll(:  l)ias volt, age. Afkmwrds, it go(w

011  to II(xt Iatl(!  aIld I’q)cats  tll(:  ])1’0(:(!ss. JII this way, it i s  ]mssil)l(!  to d(i(ml~il~(> tll(:

q)()]lsivity a]l(] thr(xl]dd, al](l tll(~ l)ias voltag(~  dllrillg t(wt,ill~. All (:xaTIJ]d(: of a l)lot

I)r(duuxl  l)y t,llis  t,(:stillg  is sllmwl ill figure  3 -3 .

3.1.3 Alkm Variance ‘lksting

‘1’11(:  fills] ty])c  Of ])rdilnil)ary  t(wtillg  ])(!rforl))(!d  011 tll(:s(:  ])rototy})(!  gyrosco])cs  w a s

aII AllaII  wwiallcc  t e s t ,  a  s t a t i s t i c a l  IIl(:tllod  wlli(:ll  i s  u s e d  ill  t,]ic  ~yro coll)l]mllity  to

(I(:t(mniljc  JIois(:  cl)ara(l(!rist,  ics. ‘1’}1(!  out])ut i s  a  GmIII cl)art), wlli(:})  calI })(: us(:d  to

(l(!tl(m))i  IIO tllIC  r(wolutio]l  as a fullctli(m  Of t,l](: alwragillg  till)(:  Collstallt,  (7 ) Of tllc smwillg

circuit), ‘1’11(:  gym al]d (:lcdr(n)i(x  am ()]1(:(: again ill t,llc sal]ic  large (:l]alllljm. I I(Nv(w(v,

tllcy ar(~ not mtatx!d. ‘1’llm(:fc)m,  t,ll(: only  ]mssil)]c a])])li(d  al]gular  late is wiltl~  lat(’,

~vhidl (:al) lx: assulll(xl  to i)c m~]stlallt. ‘1’IIC out])ut  i s  sa]n])l(x]  a])(]  illtcgcrat(’(1 to
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(3.1)

(3.2)

(3.3)

111  Otllcr  Otllcr  words, t,llc statiollaly  gym outl)ut, i s  saIIl})l(:(l  at sOI]l(: lligll  ( 1  kllx)

l’at,c. l;acll  san)])lc  i s  tll(:ll  a(ldc(l  to tll(:
~ltlg](:  illt, cgral  w’llicll  Inak(:s  II])  tll(: J) I’cvlolls

his tory  of  tJlc test . ‘1’hc allglc  awragc i s  collll)ut)(:(l  for a  s(:ri(’s o f  illcr(:asillg  tilnc

co)st,mlts  7 ,  go)crally  lmwcrs o f  2  to silll])lify  t,ll(: (’olll])llt:ltiO1)”  ])rogratll,  t o  crcatc

all Allall v a r i a n c e  ])lot,, o r  a  Grcml  c]lart. IIy (xalllilli]lg tll(:  slo]m O f  tllc  ])lotl  at

variOus  illtcn’als  Of -r, it is ]mssild(!  to (l(!t(n]nillc  what ty})(:  Of IIoisc dmninatles  for ally

s])(x:ific  intcgrat,ioll mllstjallt).  [2] S()]Il(: Of  tllc Inorc  (wlnlllo]) l]ois(!  s(jur(ms  am list(xl

ill ‘J)al)l(:  3.1.
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Responsivity  Data for XP23
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,(.)

103

l>igllrc 3-4: Gr(x:]I  Chart for X1)-23

fastjcr tiln(: (:(nlstfa]lts,  tllc lin(! has a slol)(:  Of - ~
sugg(%t,  illg allgl(!  IIlcaslllclll(!lltl  IIois(:.

A n d ,  at, s]mvcr til]l(:  mllstallt,s, t,l]mc is a slo])(:  Of -1 1, suggesting citll(:r  I)ias late

ilwtal~ilitly  01 rate qu~ltizatlioll IIois(:. A l l  arc rall(lo]]l  cfl(xt,s ~vlli(:ll  lnllst  soIt](III(Nv 1)(:

illcoqx)rnt)(:cl  illt10  tlllc  tlll(mry.

Smmal tm~(ls ol.mrv(d fmlll  t h i s  d a t a vali(lat(’(1  tll(:  tll(wry. 1 lmwn’(:1’,  Ill ally

I)dlaviols  IvCI(:  nc)tl ])m(lict(:d  Iry {11(: Illodcl.  lro~ (Xalll])l(::

1. ‘1’1)(: r(mllant,  fr(:qumlci(:s Of tll(:  (lrivc al](l s(!llsc  axis lv(m: not tllc saln(!.

2 .  ‘1’11(:  Iwsollant  fmlu(lllci(:s  t(m(ld  to (lrift  rall(lolnly  witl]  tilnc.

3. ‘J’llmc  w a s  all ofl”sd I)ias signal  wII(E+C value also  (Irift(d  rall(lOIHly  with tilnc.
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‘1’1](:  mOd(Il sllml(l  I)e rcfill(:(l  to ill(:lu(](:  tllies(:  (mwrs. ‘J’llis  In(:alw  t])at ])l~ysi(al  (Ix-

])laliat  ions II(!c(I  to lx ])lx!smt(d  as 10 tll(’ir sourc(:s, s() l,llat,,  }Vllilc  tl)(:y lnay l)(wm I)(I

(w]ll))l(’tdy  mnmxxl,  il~(:y call Ix: (I(wigll(!d against, furtllcr iln])lm’iltg  t I](I gyms(w]w

r(xolutioll.”  Also,  ml(:c  Ull(lmst(md,  tll(:y (:all  I)(! irl(ol]]()]~it(:(l  irlto a I)(:w ]n(d(:l  wllicll

(+111 Iw us(:(l to test Outl signal  ])m(:cssillg  sdl(!ll)(:s  Or (!valuate  ])(:lfoll]lall(:(:  ill s]w(:ific

;i])])li(:tliiolls.

011(: f i n a l  not(~ ]nust, lN II]a(l(:. At tll(! tilll(’  of tll(:  t(:sts alxm, t])c su~]l]lli]]g

all)]di[i(:r all(l  OscillatOr circuits  w(:rc IIot ill l)la(w. ‘1 ‘1](I  (1 ri v(! vdtag(:  was ] )mvi (1(:(1  1 y

a signal  g(:II(:ratl  Or running  at tll(: lnwisur(d  scllsc  rcsc)]l+allt  fr(qumtq’,  al)(l ]x:ri(xlically

a(]just)(:(l  as t]lat fr(x]u(nl(y  (Irift(xl. ‘J’ll(:rcfor(:l  it is saf(:  tO assul]l(: tlt(: alr)])litu(l(: Of 0

WHS (nllstlallt  (Iuri]lg  a .+v(m data a(quisitiml  s(wsioll.  1 lowcvcr, t?lc actual lwluc  Of O

i s  llIlkll  OWll, l(:avi]lg ullfc)rtllllatc  ga])s ill tllo t(’st  (Ial!a f[)r tll(! ]H’OtOty]KX. ‘J’]}(:  Cflmts

of this lack  ml tll(: ]nOdd  am dis(mss(d  ill tll(:  foll(mrillg  Clla]jt(:rs.
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Chapter 4

Vibratory Gyroscope Errors

(quatiml.

01”

I

To

o

‘1’ = Iii -I Ail -I K U (4.1)



M4 ●
\

I
1
I

I
1 M2

_ _ _ _ - - - - - - - - - - - - - - _ _ _ ]?

- - - - %
9

M3 ● I
I

1
I
I

I

4 ]?



‘1’11(’  illl)ut  v e c t o r  T  i s  I,llc dlc(:til’(: tl(mqu(:  ])m(lu(w(l Iry f II(: clc(tlostt~ii(:  form  a])]  )li(d

to tlI(: two (Iriw ])ad(llcs.  Itl i s  easy  to s(:(! t}[at, IIllllti])lyil)g  0111  tl)(: almvc  lnatlrixcs

\vill  l)rmluco  cquatimw  2.16 a]](l 2.17. wlJm  tllmw i s  ])() a])])li(d  angular  ratl(:.

‘J’l)c  }) I(:S(:IICC Of  t,hc inll)alall(:c  ]llass  lias  a (lOUIJC (: ff(wt. l’irst,  it Cl[a]ig(:s  tllc

in(:rtia  ic]]sOr 1, so that  tllc  (:]0ss l)m(luctl i(’r]lis ar(’ 110 l(j]lg(:r  (). S(x:ol)dly,  tll(:  JI]olIlmIt

ar]~ls  Of tlll(: for[(:s  l~’Ml  all(l  l~flfz fro)]] tl](: i~l(livi(lllal  (lrivc ]m(ldl(:s  arc II() 10 Ilg(:r  qual,

[

lo
1’ =

Al

IIOW  IIavc  a coII)l)OII(!IIt” ill tll(: + d i r e c t i o n .  ‘1’ll(mforc,

Al

lfl, I

(4.3)

‘J’lIc  lIcw (!quati(n)s  Of ]I]c)tiol] ar(: giv(:ll  l)y

7 : IOti  -I Al~~ -I (}o~ -I t;oO (4.4)

A T : li,~) -I Ald -I CVtI,I/J  -I t(d,@ (4.5)

i n  g(~]l(!ral,  T (x(:rt(xl  l)y tlI(: cl(xtrostat, ic d r i v e  i s  Inuc}t gr(mt(!l  tlla)j (A1)~)  allowillg
. .

tll(!  latlt(!r  t!clm to h (ll’()])])(:  (1. li(:a]IaTlgc(l  into a 1])01(: fall liliar f o r m ,  tll(! almv(!

(:quat)iolls  l)ccomc

J(j + cd -1 @ ~ 7 (4.6)

l@J - 1  (Y@j  - 1  K1,,+  = A7 - t  A]u (4.7)

‘1’1](! right) hand si(lc Of  tllc!  l a s t  (quati(nl  is tl](! Cmss-(mll])ld  tolquc  Cxmtd 011 tllc

scms(~ axis soldy  (IUC to drive lnotion.” ‘1’llis  mm is comlIIollly  r(:fm(xl  tO as a ‘[mm

signal”  in gym lit(:raturc, sill(:(:  a sigylal  for a~lgular  rate is Iwir[g l)mdud m’ml though

mm al)gular  ratl(l  is lmillg a])l)lid. \Y}l CrI t)l(: stru(:tulx!  is l)cillg driven  ()]] r(m]la]lc(:,

T a~l(l  AT arc  in ])hasc  with the vd(xity  of tll(: (lriv(~ [Iisl)la(:c!lll(:llt  d. ‘111)(:  a(:(:(!l(:ratio]l

0, 0]1 tll(:  (hhcr  hand, is in ])llasc witl]  O itsdf. ‘J’ll(:r(:f(m, this torqu(:  call lx: mvrit t(vt

as

Afcc(fl - } @) = 210 [o,,(f) .0 -t Q,(t) . q (4.8)

31



1’OP Vlllws

Uxpectcd  Path Actual  Path

I I

I I
I I

I I
I I
I I

I I

------+ ----: -+----~
I I
I I
I I
I I

I I

;0 I
V(3

(no displacement (displacement on both

on q axis) O axis ancl q axis)

]~~],~:~(:  t,},(: fi*stl  t,~l~~] (J]) t ]1(: )ig]lt,  ]Ial)(] si(~(: i s  (111(:  t,() t,]l(: mactioll  fO1’(:CS fl’{)111  tll(l

rmcnlal)t  stnldjum and wwuld lx: i~l quad ratllrc v’itli  ally (nlio]is  t(n’qu(! s i g n a l .  ‘I’ll C

s(xn)l(l t,mn i s  (Iuc to t h e  drive  forc(:s  tfll(v]ls(!lv(!s, and wwuld lx: ill ]J1las(:  w i t h  a

C(miolis  sigl]al. l’igum  4-2 SI1(NVS  tlI(: (w]mt(d vmus  actual ]mtll Of the ]mst  as S(XVI

fK)IIl al)mw. l~alallcc  illl])(:lf(:(tiolls  will a(:tuall~’  (:ausc 11)(:  ]mt tO wol)l)lc s l i g h t l y ,

r(:selnl)lillg  thc l)rmmssioll  causal  l)y a wriolis  for(:c.

I’(N tho gmlndry  sll(nvll  ill figure 4-1, it is (!asy to (’alculatc  tllo lnagllitJlld(w  Of tll(!

twO cross  C(m])l(xl imrqucs  ill t(mns Of A?IL, its (lis])lti(cl~l(:llt  fmln tjll(: O ax i s ,  z, and

tll(: (lis])la(ml(wt  frml t}lc @ a x i s ,  y. OII(:C  again,  ass(llllillp;  that  tjllc gym i s  Imgill

(Iriv(!]]  On its dl’ivc rcsonal)cc

(4.9)

(4.10)
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(4.11)

4.2 Time Varying Effects

I f  tll(~ Z(I]W siglla]s  (lis(uss(x]  alxnw  r(!lllaill(!(l  (nllstallt  mwr lill]e, tll(!ll  th(’y (’0111(1 1)(!

(Iasily  calilmt(d  (Jilt of tll(: p,ym a]lcl  IIOt gi~~cll  II IUCII tllollgllt.  lJ~lfO1tllIl~lt(’ly,  tllcir

IIlagnitju(l(w  vary mwr til]l(~. in fact, it is tllc  rak of variatjioll  of tllc zero  sig]lals  lvllicl)

Inay  lilnit,  tllc  resolut ion of  vil)ratory  gyroscolws  to aIIy R’lIm:  froln  3 to 6 orders of

lnagllitudc  fmn its msolutiol]  otllcrwisc.  [1 ]. ‘J’l Im: arc tllrcc ty])ical  llld):iIlisIns  for

tilllc  vtiryillg  mm signal. ‘J’lIcy  calI afkct  tllc  actual l)rass  l)ost,  tllc  silicon  lmddlcs

aIId sul)lmts,  or the glue uml ill assmnbly.

4.2.1 Non-uniform Creep
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4.2.2 Non-uniform Thermal Expansion

A s  stat(d  ah’(:, II(:at dissi])atioll is cxtIcIrIcl)T incf[icicv]f i~l wcuum.  111 ad(liti(ni  to

(:1’(:(:]),  111(: Hlass Clclnmlijs,  sul)]x)lts,  all(l 11)(:  a(ll](:sivc  w i l l  alw) u]l(lcrgo  lloll-ul\ifOnl]

tlll(m~~al  (vqm]lsioll. I’;s]w(:ial]y  ill th(: (mm Of tll(:  glue, ~vlli(:ll  is a])])lid  llcJ1l-llllifolllll~~

ly IIali(l,  snlal]  dla])g(x  ill VOIIIIII(: c.aII coIII])l(:t(Ily alt(:r tll(’ lllass  l)alallcc.  o f  tll(! ]mst

I)Y actua]ly  t i l t i n g  tl)(: ])ost itsdf.

4.2.3 Non-uniform IIdlcctions Under Acderation

‘J1llis  last, ]mssil)ilit)y  w a s  mOst ]mssi])ly  ll(jt  a facto] ill {1)(:  t,(!st illg ~)(:rfc)rln(:(l  (m tll(:

P1’ototyl)(!”  gyros. IImv(!vm, it will lm a facto] ill tl]c  flll]ctioll  Of tllc  gyms  ill ma] a]~])li-

(aliolls.  111 a tllc:c)l(:tjictllly  lda]l(d  gymj a(:(d(x+t  ion of tllc  instmnlolt  flalll(: wmu]d

Im a (:olnIrlOII  lIIOdc sigl]al 01] Imt]l smlsc (:l(l(:tr(d(:s  wlli(:ll  wc)ul(l tll(nl l)C sul)tra(:td

Outj.  llmv(nm,  if tllm: is a ]nass  illll)alall(:(:,  t}lis signal  Ivill  llOt, 1)(: Cvcll  011 l)(LI1 sc]w(!

]M(ls,  (matjil)g  a z(!N) signal  wlli(:}l  wil l  cllallp;(:  as tlic a(xd(!ratim  dlalqys.  It IIlay 1)(:

])msil)l(: tO kll(nv tll(:  ac(:(’l(:ratiol)  froln  Ot,ll(’1 illstruln(:~lts  a n d  som(:}l(nv  Colrl])cllsat(!

for t h i s  (: ff(:ct. II(nv(nwr, sill((: tllc actual  IIIaSS  illll)alance  fmnu]a  w i l l  lx! p,(vlcral]y

unkllmul,  this  may  ])rovc to lx a  dlall(mgc.

4.3 Differential Frequency Drift

‘1’1](! I(mIIaIIt frcqumlcy  O f  tllc  (llivillg  al~(l  s(~llsillg  syst(:lm slloul(l  tllmrctically  lx:

e q u a l ,  i f  tlll(: gym is syll)lll(:tlic  all(l  its lm]a]l)ctms  tiltl(: illvariallt. lJ~lfort  ullatdy,

llcitll(:r  Of tl](:sc  ml](liti(n]s  is tmc. ‘J’11(: r(:sOllallt  frcqu(:n(:y Of a s(xmll(l  Od(Ir J]]ass-

s)jrillg  systclll  is ~iv(:ll  I.y e-

(4.12)

A s  SC(VI fmnl tllc  discussion  almv(:, tll(~ (! flcctivc  1 of (M(:h  ]J](x1(:  is (I(:fillit(:ly  dlallgillg

witlll  tJilll(’  as tj}ic lnass l)ala]l(:c d]a])~, (:s. It is also  likd-y  that  i: wlli(:ll is a fullctim]

O f  t)llc  gmm(:try,  Coln])liall(m)  a]]d ]westrcss  (:mlditliolls  Of siliu)ll  (:alllil(nms, is also

diallgillg  with tjiln(}. ‘1’1](;s(:  dlallg(:s  am ]mrtly du(: tO solIlc  of  tllc tilnc  wryillg  cft’ccts
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d(vwril)(d  al)ow,  but also l)artly  du(!  t o  stocliastic  (: flccts t h a t  Cal)  only  bc Ino(lcll(xl

statistically.

Sillc(: the drive is an os(:illalor,  it will track t]lis  clla~lgillg  frc(lu(nl(:y  ali(l co~ltil]u(:

10 s e r v o  t o  tl)c COHWA  alnljlitudc  w i t h  a ]nil]ilnull  (vlcrgy  cxlmi(lit  urc.  ‘1’1)(: lnajor

cum cal]s(:d  by a  sh i f t  ill r(xol]allt  fr(qucncy is a ])liasc s}lif’t  ill tl)c out l)ut  of  tllc

S(:l)sc. ‘1’hc ]Jhasc a]lglc error is given l)j

/o(Au)  : L(;,,,c. (,jwc) “  LG’,.[(.M  -1 .i~~~) (4.13)

If tll]c  sms(~ (:ilcuit  is IIotf ~)llasc  s(:llsitivc,

il,S S(!(:1}  i~l ])rcvious  s(xiims, if tll(:  s(msc

would 0(:(:111.

111 g(:n(:ral,  tllc ])mhtylms  gyms t}lat

l(:ast a f(w l](:rt,z  a]ld l]igl]  an(l ]]m(n~ rcs(nlal]t  ]maks  that  di(l I lot ov(:rla]l. I Iowcvcr,

at, l(:ast,  01] ono gym that  un(lcnv(mt  static  cllar:lct(:riz:ltioll, it was s(wrl  that,  tll(:  ]Naks

for tllc  (lrivc an(l tl]c  scl]sc d r i f t ed  towwr(ls (Iac}I otll(:r,  mwla]qd,  al)d (Iriftd  a])art,

cr(mtillg  l)otl(mt,ially  fatal  ])liasc sl]ifts  0]1 tl]c out])utl. ‘J’llis  gym woul(l ]nost  ~msil)ly

1 lot 1)(: Us(!flll . } 1 Owcv(!I’, c\7c11  ill gyros  w(m tll(: ])(:aks s(ml(xl  sl)a(:(d  widdy al)art,

th(: ]d]asc  sl]ift  still mists,  all(l, a s  tllc scllsillg  (:l(x:trollics ilnl)rov(:, could  ~msc some

])l”d)lms.

4.4 Damping Drift

l’or tll(:  J1’1,/lJCl,A  ~]licrc)gryosco])c,”  tl]c  (Ian]])i]lg is sc]lsiti~’c  to I) NSSUW. W’l]i]c ]m:s-

SUN flllctlllatiOlls may llOtl Iw a ])Ic)))l(:II]  for s])a(c a])l)limtji(ms,  it nlay  ml)lc u]) if tll(:

gymsm]m  is (XW to })(: USC(1 in autolno})il(:s”  or aimaft.  It is (Imiral)lc  to olx:rat(!  U] I(lCY

tl]c lmwst ]mssi})l(:  ]mssur(:  to achieve  tll(! grcatmt mso~lallt  alll])lificatioll.  ]Imtmm,

tll(! lmvcl’  tllc  ])1’(!ss111(!, tllc  IIlOrc (Iif[i(mlt  tll(:  va(muln  is tO lllailltailt.  ‘J’llm’fmx!,  tll(xe

~:fr(:(is shOUld also  lN IMxIc1l(:(I.



4.5 Final Time Varing Model

(4.14)

‘1’Ilc sultl O f  lnagllitu(l(:  O f  Q,(f) and Q,l(f) (a]) IN (I(!t(:nllilld  frmll tllc  GM:(:I1  chart

for a ]mtlicular  ]moilc)tylm  gyrmm~)(~. Illlfoltllll:itcly,  at, tll(:  ])ms(:llt  tlimc, t,(wts all(l

(:lmtrmli(:s  have  not L(wn dcw(:lo]d  tc) (I(:t(!nnill(:  flq (f) and Q](i) sqmratdy,  s i n c e

t)ll(: a(:tual  dis])la(:cll}(wt,  fm~ctiOn  Of O is u]ll{ll(nvn. At th(: ]ms(:llt  time, they will l)c

varid so that,  their  sum  mnaills  in tl](: ll(:iglll)orlloocl of tllc  t(:st d a t a .

‘J’lIc (d(wtrical  Cquatioljs, Ilotal)ly  tllc  out])ut  (x]uatlio~l,  Inust  alsO I)C (:l)al]g(xl.  ‘1’11(:

(4.17)
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Chapter 5

System Simulation

‘J’lIc nlo(lcl  giv(m ill t,lIc ]wcvious  clIa]Acr is just, a series of ordinary  difI’mnltial  e(lua-

timls.  A sim])]c C ])r[ypaJIl CaII 1)(: US(K1 to silllulatc tllcir  l)dlavior  for al])it]ilry  i~l])uts

OV(Y a  g iven  il)tcrval  of t)in)c. I lowcvw, first  tllc  actual ful)ctions  for (:a(:l~  of tllc  tilnc

Val.yillg ]J:~yal~l~t,~rs f~r a  l)alt,i[;ll];l)  gyr(mcol)c lllllst,  1)(: {I(:t,crmilicd.  1“01’ this I(:]X)l”t,

a IIIodcl will bc crcatcd to simulate tll(:  IJ(’llavi(u  of tll(:  ])r(jtotjq)c  .X1 ‘-23.

5.1 Calculation of Parameters

5.1.1 Empirical Constants and Mcasurcmcnts

‘J’al)lcs 5.1 and 5.2 arc IistiIlgs  Of all t}lc ]mmlnt(ws  t]]at (all lx: ]nmsuml  direct ly,

including  tlh(: (mt)irc .gymnictry  Of tlll(: gym, a])(l tll(! d(x:trical  (:irmitl ]mOImtim.  SOm(: Of

th(:s(!  llunllms  will ncd to lm usd tO calculate values in tll(:  (xlmill]ctally  (I(:tmllill(xl

1110[  1(:1.

lJllf(wtuIlalmly,  tile tcsti~lg  ])rm:(xlum  (I(wc1OIXXI so far ca~lnot  mlll])lctdy  dlarac-.

t(:riz(:  tlllc  ]nwtlOty]m gyImm]w  ])aml]~dm. ‘1’11(’rcfmw, t}l(: thu)mii(:a]  values f(n tlllc

idea]

fm’cc

froln

lnOlncllt  of ill(!rtia  all(l  mtorillg  for(:(: still  11(!(:(1  to lx: Ii]l(ml. ‘J’li(: r(:storin~

mln(x from  d(:flmtiOn  O f  tllc Calltlil(nwr  sll])]mrtls, all(l tllc fOrlllula i s  d(:rild
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1 ‘al’alll(?kr val 11(:

1 ‘M dialll(!t!  cl’

1 ‘0s1 l(vlgtll

l’addl(: Si(lo
S])ring  lcIIgtlI
Sl)ri)lg  wi(lt]l
S])rillg  (l(q)tll

0.45111111
5.()()  111111

1.50111111

1.25 111111

26.(K) //111

26.(KI //111
1.75 11)111

1 .(N 111111

10 //111

Cmlstallt

IIrass  1 )(!]lsity

Si YouIIgs hlmlulus

Si IIulk  M(dulus

,,

1 9 0 0 0  p,

1.9X 101’;:,

7.3x 10’”; ;2

‘I’alJlc  5.1: l{;lIl])ili(:ally  l)(:tj(:III1ill(  :(ll)llysi(::ll  l’ilr:llI)t(:lsfl)IXl’-23

1 ‘al’alnctcl

l~ias l~oltagc
Bias l{(:sistan(:(:
l’r(:alll])lificr  Gain

Valllc

4 Jr

1 Nlfl

‘1 000

c o n s t a n t

‘able 5.2: l~hnl)ili(:ally  l)ctmnill(d  }’;le(:tr  (:al
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5 . 1 . 3  E l e c t r o n i c  Gains

‘J’1)(: (~lcdr(wtatic  for(m is Imillg al)])licd 011

to a toqu(:  around tll(: (lriv(:  axis tllmugll

(5.1)

t)tvo ])a(ldl(%. ‘J’l]is  f(m:c is tllm (:(niv(utd

{II(I  I(w(u ar]l). ‘Jll(mfor(:,  tll(: gai~l 011 tllc

(5.2)

0 1

‘J1lIC out,l)ut  Sain  (quatioli  i s  sinlilar  to that  of tl]() ill])ut  gain. } 1 mwnwr, it is al sO

scald [y tllc  l)ias vOltagc, (}](: I.)ias  I(:sista]l(:c  an(l tll(:  ])r(:alll])  gail~.  l’ml)l  tll(:  v a l u e s

givcnl in tlal)l(:  5.2 this mll](:s  t10 citl)(:r KO,,~ L 1 . 5 9 3 .

5.1.4 Physical Parameter Drifts

I II this form  of tl)(: scco~]d (Am c(]uatiol], tlim: am OI]ly two ])aram(:tms t }Iat drift,

th(: rm(n~ant  fm]u(:ll(:y  u,l all(l  the! IX:ak :Illl])lifi(:tiiioll  factor Q. lhtll  Of t}]esc df(wts

wm(: qualitativdy  Olmrv(xl  during  tll(:  t(:stillg  lmx:e(lum. ‘1’11(:  driv(: r(wo]la)ice Of Xl’-

23 (mt(m(] amull(l 4391 lZ al~(l  the SC1lS(:  rcsollall(:c  amul]d  444 I Iz. A slt](mt]l drifl
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d al mos t  0.5 IIz a ]Jli]]utc was olmrv(d,  Ijllt Illc  two r(wlla])(:cs ]I(WCI  r(!ally mmd

11101’(’  tllal)  2 11X away  f-roln tll(!s(!  C(’lltcl”s.

‘1 ‘hc ]wak  :ll]ll)lifi(:atlio]l  was lllcasur(xl  I)y coln]mri~l~ tll(:  out])ut  of tll(:  gyro  w’]l(w

drivc]l  off rmonal](w,  to wllml it w a s  (Iriwm 01] r(:so]lancc. ‘J’l]is  alnj)lificatior]  was

foull(l to 1)(: IMw(!(!ll 50 lx) 1 0 0 .

5.1.5 Verification of R,csponsivity

Itl is ]msil)lc  to vmify  tllatl tllc  almvc  (:still]atw of tll(:  l)ll~rsi(:al  ]mra]n(:tcrs  arc acuratc

tllrougll  han(l  calculat ions using il]c  cxlK:lill](:]ltal r(:]x)llsi~’ity.  l“irst  Msu]nc  that tllc

rcsmla]ltl alnl)lificatioll  Q = 75. If tll(:  drive II I(A(: would  l]avc tl]is  is tjll(: a]n])lificatlioll

for a sinusoid at 439 11x, tlhml tllc anl])lificatioll  a{ 444 11x (tl]c  s(n]s(!  rcs(mall(:c,  wll(:rc

it was actually drivcll  for this data) is almu(  28. ‘J’ll(w:for(:,  tl](: ll]ag]]itud(~  o f  tllc

velocity of t}]c drive vil)ra(iol)  is

Al[, = 210~of),:  2.03  x10-’2 (5.5)

(5.6)

l’il~all~’,tllissllc)lll(l  ])mducca  (:llal]g(:illolltl)lltof”

‘J’])(! actual r(!lmwivitly  is almutl ltalf Il]at, suggcstli]]g tl]at so]nc  of values usd almc

w(:rc (:alcl]latc(i/cst)i]  ]latlc[l  or) t}]c }ligll si(l(!, (;sl)(:(:ially  in tll(: case of Q. lf tllc Q WON

actually  50, tll(!  salnc l)roc(!ss  would  ycil(l a wl)o]], sivity  of ().6 III\T. ‘J’lic  fa(:t, t,llatl  tll(!r(?
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Allan Variance Data for XP23 -
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‘0.
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10° 10’
10

102 103
10-’

0
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LL!!L! I

10310-’ 10° 10’
Integration 1 me (see)

10’

F’igur(: 5-1: Alla]  I ~~aliall(:c  1 )ata an(l N’ois(: AsyInl)t(Acs
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.

l’al’aln(!h’ C(!lltcr
\Talll(!

“oq ~ )

1-.-1 ““

_  ~.7,;-  -

“’~!i”
1.58 x 10:4

10, 1;/, :2 i17 x 10-]1

)0])(: (;::, 6326.6

‘+1)(,’ (;;;, ) 6326.6
—. —

(do,, (i) (:::/ {.”-”--” :--”:-:
2759.4

i~l,,,(tj (:;: 2793.3

Q(l) _ ____v
](i,, (Xi;!) 3.98 x 10- ‘()

Kc),,, (:’:;s“-i---- - 3186

2772

280{i

3-06

(().02754) T
.

1 J()\f’(!l

ljiInit

.

2 7 4 7

“2780  :

M)

(-(). ti2754)  7 ‘1

ltat(! of
Chal]gc

3.14

3.14

(10.34 x 10-4) t

(10.34 x 10- “)i

HII1(lOIH

‘1’al)l(: 5.3: Summary d Calculatd  l~alucs  and F;x]xxtd  I{allgm  for X 1’-23

5.2 Simulation Techniques

5.2.1 Differential Equations

‘I)h(: final  or(lillary  difl’cmltial (xluatiolls  4 .15 , 4.1 G, all(l  4.17 wm; sitnulatl(x]  usil]g  a

fourth order l{ullga  Kutlta algoritlllll. ‘1’l)c actual SON:(I CO(1C is giv(vl i]) A])l)(:l](lix  A.

ljy writing a C l)rogram, is was lmssil)lc  to (I(Iv(:lOI)  a silllulatJiOl)  tl]at was v(miti](:,

MI1 q u i c k l y ,  all(l  could  lm lmrt(xl  to ally sysi(vi] mlll]il)g  a  C (:oln])il(lr. hlmlular

lnogralnlning  tcchlliquc!s  will make the II(x:(I to u])gra(l(!  lloisc algoritllllls  ill tllc  future

fairly easy .  It m a y  a]so }.N ]msil.)l(! to d(wdo}) a l~isual  l-lasic  fmllt,  clld and link  t,llis

simulat,iml  to actual twit  d a t a  fl(ml a ])mt(y])c  gyr(m:o])(:, so t,llat t!ll(!  ])al’aln(w!rs

cal(:ulatd  almv(: (tall  aut(nnatically  lx: (mtmxl  into  tllc conl])utcr  ]nodc].

5.2.2 Time Varying Parameters and Noise

‘1’11(: ])aramctcrs  arc valid  ill very  siIll])l(:  ])atlt(w)s \vlli(:ll  ])arallcl  qualltitativdy  01)-

s(:nwd ldavim. F’Or a  ty])i(:al  50 s(xnl)(]  silJ)ulatiOll, tllc lmonallm  allllJlificati(Hl
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l.mgills  at, so~n(: va]uc  aII(l citll(:r  ml)aills  fix(:(l or is all(ntm]  to jllst stt’a(lil~  decay  al, a

fixd rat(:,  as if tl](xc  wwc a lmssurc  l(:ali. ‘J’llis i]lital  Q aIld AQ sl]ould  I)c s(:1 Inor(!

S])(x:ifi(:ally  01]((!  tile  a(:llta]  o])(’ratil],g  (wll(lit,  iol]s am kllolvll. ‘1’11(:  r(’sollal}t  fmqllcl~ci(w

Vill’~  sillusoidal]y  a~ollt, t,}l(:ir  lll(:asur(!(l  C(!llt(!r  f’mqll(:ll(:i(:s.

‘1’11(:  Cmss-mul)l(d  torque  lwgills  at, a  r(wo]]al)l(>  l’all]c aJid t}l(’11 i)l(:jwas(’s  at, tl)(:

lat(!  gil’(!l]  ill tal)lc 5.3 f o r  tllc (:l]t,il(’  50 sc(w]l(]s o f  tl)r sil[lulatiotl. ‘1’1] is N] )Iwdu(:(w

tjll[’  Ol)s(u’v[!(l  1’(>s])011s(; of ] n’otot,y]  )(: gyros(x)] )( ’s. 11 ow(w(’1’, ill th(: futur(:,  it ]Ilay 1)(I

II(xmary to (Icv(:lop  11101(:  sc)])llistlicilt(:(l  sto(:lliastic  l]]o(lds of gym drift  for lo~lgcr

silllulat,iolls.  l{igllt  Ilowj tl](: data to (10 Illis  is ullavailil)lc.

‘1’]](I  allsl(:  ]llczlslllc]]](’llt  llois(?  i s  a  rall(lolll  ])ul)]l)(:r ~vitllill  tjllc lmu]l(ls  givml ill

tal)l(: 5.3. l“or sill ll)li(:iiy,  it is addd to t 11(’ out ])ut, at tlll(:  fil}a]  r(xxndillg  stag(:.

5.2.3 Calculation of Amplitude and Phase

5.3 Simulation Verification
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‘1’I]c sil))lllat,ioll  w a s  run wit]] tlLC t(:still~  o]x:rati(nl  (nll(litiolls  10 s(x! if tllc!  g(:ll(:ratd

r(!sultls  Coll(:sl)oll(lc:(l  to tll)(: Cxlmil)lclltal  d a t a . ‘J’ll(!  ])al’am(:t(:l’s  \Tr(!l’(!  111(! Salllc  a s

1110s(:  calcu]at(!(l  alm’c. ‘J’l)c Q of tl]c  syst,(!]ll uas all(md to mnaill (:mwtal)t  at, 7 5 .

‘J’lIcn]]al  ~loisc al](l ln(xl]alli(:al  closs-(:oll])lillg”  M(V.C s(:t  to O . ll~st(d of I 11(:  oscillator

ill])llt, tllc  gyro  was  (lrivml I)y a 4 I’])]) sinusoid  at tll(:  sclls(’  r’(’sollalit  fl(’(lll(:ll(:y.  Itj was

(Icsiml  tllatl a (:llarlg(:  ill tlt(: a]q)li(d a]l~ular rate of 1 ‘~”g.$[C NWU1(I  dlallg(:  tl](:  Outl)lltJ  l)y

1 .251111~. ‘1’hc actual Cha]lgc, SI1(NWI ill figur(:  5-2, was 1.5 I]llr. As statd ill a ]Jr(w’ious

section  the (Iiscr(:]mncy  may lx: duc to lIot Iil)mvillg  tlic  mad aI1l]JificatiOl) factor (n

tlll(: (:xad r(:sonallt  frcqu(nlq’  during t]l(! t(:st, O r  du(~ to mom ill tjll(: l{u~lgel<uitla

]lu~]lmical  m(;tl)ml  itself.
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Chapter 6

Suggestions for Improvement

tll(: rcsmlant  frquulci(:s. ‘1’h(mfol(:,  a twOfOld ])ml~lmII has

(~l(x:tlmli(:s.

Allothm o])timl is to look  il]to altmmat(:  llla(:llilli~)g  al]d

l)OSt. ‘J’llc p o s t  could

II IUC]I  Wt(:r  (lia Inctlcr

1)(’.(!1) cl’catc(l  for tll(: Sclls(!

ass(:IIl})ly  Illctllds  for tll(:

O f  latllillg, rmultillg  i~l a
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Original Configuration

M4

M3 r---M l

—

Split P:icl Ckmfigumtion

L ‘: . . . ..I [...:X1

[p:- “-] [-;2 ~

[- ‘E- “1 [ ‘~]””-1
[...s 7.. 1 [.:-2.”:1

—.

1+’igurc  6-1: 1 ]as(!l)latc  ltl(x:tm(l(:  S])litl Collfiguratiol]

]Md(l](:s.  l’illally,  altl(mlato  glum sI)o1]I(I  IN: illv(:stigat(xl ,  sillcc t(m-s(:a], tll(! (mrmit

st,alldar(],  has a tcn(l(vluy  to ~~~1’(’~iit(!  dulil~g  a]))) licati(nl.

6.2 Rebalanced Drive Actuators

‘1111(:  })r(:s(mt driving  scl~(:lnc  can  oll]y al)])ly aII attractive force olI o]I(:  side of tll(:  scllsc

axis.  ItJ is ~j(xsil)l(~,  usi]lg  scvmal  Inorc  strat(!gica]ly  ]Jlac(xl  actuat  (NS a n d  s(umrs,  to

OIHIYVC  and (nntml th(: drive ])atll u)~nI)ld~ly.  [Jsillg  tll(: qua(lraturc  mor as f(xxll)ack,

a  tor(]u(: rcl)a]a  IIcc 100]) mu]d lW ])ui]t aroull(l  L]]c gym, wl]i(:ll  would at l(:ast ali.ql

tll(!  ])rillci])l(:  axis of tllc  vil)ratiOn  to tllo O al)(l ?J ax i s .

on(!  siln]dc  way to ac(nn]dish  this i s  to s])lit  tllc  (:lc(:tro(lcs i]] tllc  lm+(q)lat(:  a s

SII(N’JI  ill figure 6-1. I’ads 1)1, 1)2, 1)3, a]](]  1)4 arc all driv(: while ~)a(ls  S5, S6,  S7,

all(l  ,S8 am U S C(1  fm s(msi]lg. ‘1’1](:  scllsillg  ]m(ls arc furt}l(’r  awwy fmn tjllc oli~;ill

of tjll(: instmnlmd  fram(:  so that t  II(:y  Nwul(l  (:x])(:ri(’ll(c  great (:] (Iisl)lacc:lll(:]lts  all(l

cO1ls(x]uclltlly  have a IIigll(!r  rqmllsivit,y. Aontll(:r  ]mssil~ilit,y  is  to usc a quartz ‘(to])

]llat,(:’)  }vit,}l  fmr (:lc(:t,m(l(:s,  i(lcllti(:al to tll(:  Ims(q)lat C. ‘1’1)(:  gyro  would  lx) sa]ldwidld

Iwtlw(ml  t,l](;lnl  giving  011(:(:  again a  total  o f  eiglltj  ]m(ls  io work  ~f’itll. ‘1’11(! ]mds 011
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6.3 Phase Sensitive Lock-in Analyzer

Cumv]tly,  tll(:  id-ill  al]al~mr  (:imlit  (l(xi~ll  is ]lot ]dlas(: s(uwitjiv(:.  It only  ]Ji(:ks  o u t

tl)e lnagnitu(lo  of tll(: sul])rmsc(l  carri(:r  fmlu(:ll(:y  sigllal  fro])] tl](! sm)sc  difi’cmitial

all]])lifi(~l As s(w]1 fro)ll the il]mly,  lllis  allows  a large qua(lrat,urc  CMWS-COU]JIC(I toquc

to lx! ill(:lu(l(d  illlo  tlll(: Out])utJ signal.  I f  tll(:  lock-ill  (I(!sigrl  w’(:1.c ])}lasc  s(vlsitivc,  this

mm signal  could  easi ly 1)(: mIIIm’d. lf’i~ur(: 6 - 2  s])(N’ t}lc  (nlt])ut  of tll(:  silllulatiml

wi thou t  ]Jllaso s(:llsitlivity,  wII(:l(!  in quadrature c]OSS-(:OI]I)l(:(l°  t(nquc is 9 t inl(:s that<

of tllc  i]] ])lkas(: tlorqu(:. ‘]’his Out])ut  is sl)(nw]  agnill in figur(: 6-3, I)ut, this tilll(’  l)llasc

(mm:t(xl with ms]wct to d. ‘1’llc illl])ro~’(:1]1(’llt  is Imt]l qualitativdy  and qual~ti( atidy

Oln’ious.

6.4 Separation of Drive and Sense Resonances
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6.5 Computer Control

II IaIICW could IK adli(wd. 1“01” (Xllll])](’,  t(’nl])crat  111’(! (:0111(1  1)() (Ioll)l)(:lls<)t  (!(l for l)y

al)l)lyillg  a t(!]lll)cl.:ltjlllc  (:(jmx:tioll  algoritl]]ll  t 0 t 11(’  ollt ])ut. Also) if tll(:  C1’lJ  could

m:ime  a(dmatioll  illfOrJ1latjiO1l  fro])) all outsid(:  sour(x)  t}l(:  (Jfl’(x:ts  of llo~l-utlifonn

l(m(li)lg  (Iuc to ac(dmat,ioll could  IN: r(:(lu(:(xl. l’illally,  it wwll](l 1)(: lmsil)l(:  t{) I)(:rfol’m

a(la])iivo  driv(: control” to furtlll(:r  1( ’fill(!  ~11(1 (Irivc ~)atl], slid ~~ada])tiv(:”  s(!l)sc Colltml

to dlallgc tllc intl(:gyatiml  tinl(! for millilrlultl  Iloisc as llc(d(xl.
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Chapter 7

Conclusion

‘J)lIC tlll(:orctica] equations ])r(:smltl(xl  at tll(: (’11(1 Of clIa])tcr  2 arc ])clfC(:tly  col’r(’(:t,  and

us(:fal for as far as tll(:y go. At tllc  ])N:s(:]Jt  sta~( of (I(:vdo})lll(:]l(  of tll(:  ,11’1,/lJCI,A  mi-

(:]()~~~l()s(:()])e  ~nmjmt,  it was  ll(x:(:ssary  to clcat(: tll(: ]Imt lJIOd(:l ~t’l)i(ll (mul(l  si~lllllatc

sonl(:  ilnlmtalltj  mwr Cl]ala(:t(>rist  ji(’s tllatj tllc  i(l(:al  c(luations  coul(l Ilotl  rc])mdu(m.

‘J’l]is  ])ur}ms(: Of this ])alm was to d(:tm])ill(:  tllc  silnl)l(:st  Ivay to rca(:ll  tflatl  goal .

1 t was tllm:for(:  II(xmssaIy  to (l(w(~lo])  so]ll(~  l)lausil)l(: tll(!or(!ti(:al  Imsis for tl](w(:  l)(nv

Imllaviom  a n d  in(:oqmmtc tlicl]l i~lto (:xistill~ (:quatimls. ‘1’lic id(!a of til]lc  varyirlg

(:1’OSS (xm])](d tOl’(]U(!S  fit th(: t a s k  ])(!rf(wtfy. A s  Statj(d  l)rm’i(jusly,  tl)m(’  arc ~nally

otllm sourms  of mm sifyla]. J lmv(wm, t 1)(’ ] no(l(~l fOr cress (:OUIJCCI torque salisfie(l

tll(: all tll(:  mp]ircmcnts of co]lfonnillg  to cx]mi~)l(:]lt al lx:l}avior wllilc  k(q)i]lg  tllc

sil]]u]atlio]l  cfficicnt.

‘] ’]lis is st,ill  a Ivolk i]] ]) IWgI(WS. As tll(:  c}lala{:t(:lizati[)]] ]jmc(xs  of the gyroscolw

iln]mws, llI]cl(:Istla]lcliIlp;  of tl](: sources a]ld ]lat,urcs  of t 11(;  errors  will also lmomc

11101(:  y(:fi~](:(].  ~~~]lil~ t,llis  ~~ill ol)vi[)[]s]y  l e a d  to I)(:ttcr  II] O(l(:lS)  tjllc Old  g o a l s  i s  a

lwtltlcr  lll]clc!lstl;ll~clillg  of the gyrosco]m , aIl(l ewltually,  Imtjt(:r  gyrosco]m.

“3,)!.



Appendix A

Simulation Source Code

— .

#  include  <IMMI.11>

#f include <stdio.h>

#/ include <stdlil,.h>

#illcludc <Illai,h.1,>

+/ dcfin[!  Nl<_I’;Nl)  ]

# dcfi~lc  11’l{F;l;_Al{G  char*

# define ~)i 3.141592654

</ define th(:taI)C  3687.6

#/dcfiIIc l~lLiI)C 3687.6

+/ ddinc Kmlt 1.593 10

float **y, *XX, *u;

float **w, **o, **c;

float out,l)ut, out_l~lax, out,_llli]~, out_al~l]), out_crr, out_sigIl,  out_ifl);

f l oa t  fb, ft_IIIax, fb_]nit!,  fl>.alnl>, fl_mI,  ilJ_])fl.),  flj.iflj;

float fl_mo, flJ_zx, fb- ~wriod, fl)_out_J)hasc;

float, Iv-t,hc, w_c]li;

float q .t,lw;

float oJIl(’gil_y’, oIIl(yyl_z;

float distq,  dist,d, l]oisc; 2(I

int out-q,  fl)_q;

float *V(W)  I (long Ilh) {float *V; v = (float *)IIli\lloc((sizcJ_t,)  ((1111+  1 )*sizcof(float))); return v;}
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float **l]]  i\tliX (long int III’, long int, IIc) {

10IIK i;

float **m;

It) =- (float **) mal]oc ((sizc_t)((r)r-1 AT1i_JIVIJ)*sizcof  (float*)));

if (!ln)  ]wintf(’’a  llocation failure 1 in  matr ix  o”) ;

III += NII_RNl);

III-= 1 ;

~rl[l]=(float  *)l~l:illcJc((si7jc:_ t)((llr*]lc+N I{_ I; NI))*sizc:of(float)  ));

i f  (!ln) ~)rintf(’’allocation  f a i l u r e  2  i n  m a t r i x ;

In[]] += NTli_IJN1);

11)[1]  --= 1 ;

for (i=2;i <= llr;i++) {~n[i]  = ln[i- 1]+ IIc; }rcturn]n;  }

3(I

40

void 1k4 (float y[], float dydx[], float udat[],  illt 1), [101 IMCX, {I[)lll)lc!  11, flc):lt  yout[]>

void (*dcrivs)  (double, float[], float[l,  float[]))

{

int i;

float xl), hh, h6, *(lYI1l,  *(137(,  *j’L;

/’Allocot(:~l  cctors ‘/

dyIIi = (float *) Iilallc}c((sizc:_t)  ((lhll)*sizcof( float)));

dyt = (float *)~llalloc((si7,  c:_t) ((lhil) $sizcof(float)));

yt = (float *)lllallC)c((siY(:_t)  ((lHl)*sizcof(float)  ));

1111 = 11/2.0;

116=- 11/6.0;

XII =- x + 11}1;

for(i== l;i<=ll; i++){

yt[i] =- y[i] + llll*dydx[i]; }

(*derivs)  (xlI, y~, dyt,  udat);

for(i=l; i <=n; i+i) {

y![i]  = y[i] +- llll*dyt[i];  }

(*dcrivs)  (xII, yt,  dy]n, udat);
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for (i : 1; i <= ]I; i-1-1)

{

yt,[i]  =  y[i] -1 ll*dylIl[i];

dyln[i]  -1 = dyt[i];

}

(*dcrivs)  (x+-l), y, dyt,  lld~~);

for(i=l;  i<=n; i-1+){

yout[i] = y[i] + ll(i*(dydx[i]  +  dyt[i] - 1  2. O*dyl[l[i]);  }

/* I)collomtc ‘vectors  $/

f,,,, ((lwl;l;_A1iG) (Y());

fw ((hXIHt_AliG)  (dyt));

flw! (( FR1’:F_AliG)  ((lyI1l));

}

void stor[’.data (int k)

{

W[l][k] : M_thc;

w [2] [k] : wclii;

w[3][k]  u wthc;

0[1 ] [k] u oIIIcga_y;

0[2] [k] = OIIIWI_Z;

0[3] [k] = out.alnl) + noise;

()[4][k]  = O u t p u t ;

0 [ 5 ]  [k] = m;

C[l][k] =  fl)_amp;

c[2][k] = fhifl);

c[3] [k] .— fb_ollt_jhW!;

c[4][k] = distq;

c[5][k] = distd;

c[6] [k] =- noise;

Go
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void wr_calc  (double t, doulllc  h, illt k, float tau)

{
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if (o[~][k]  > fl).lllax)  { ft_Hl;lX  = 0[5][k];  }

C!lsc!  { ft.t[lax  = ft_max * {’X]) (- n / w ) ;  }

if (o[5][k]  < ft)_miIl)  { ft_lllill  = o[5][k];  }

CISC { fb_lnill  = ft)_lnin  * (’XIl(-11/tall); }

fl). alll])  ~ fb_IIlaX ‘ ff.)_lIliIl;

fl_(IrI = fl)_aItl~)  - -  (2*l)i*439.()*5 .0w4*Kout);

fl). })fl) = 1 #o * fl)_(!l’I’;

ft).ifl) = R)-ifl) -1 0.01 *fb_crr*h;

if (ft).ifl) > 200().()) fl)_ift)  = 2000.();

if (fl_iflJ  < - 20[)().()) fl)_ifl)  = - 2000.O;

100

110swit,cll (fl)_q) {

case! (1) : if (o[5][k]  <= (0.5*  fl)-alIll,  + fl)-lllill)) {

fl).nd)= fl_7,x;

fl)_zx =- t;

fl).l)criod =- 2*(fl_n  - fl_7xO);

fl).q = ‘ 1;}

break;

case (–l): if (o[5][k]  >= (().5 *fl_aII11)  + fl)_IlliIl)) {

fb. zxo = ft.zx;

C1.n = t;

fl~-~wliod  = 2* (ft)_7,x  - fl)_7,xO);  I m
fl_q =- 1 ; }

default : lx-oak; }

if (0[4]  [k] > ollt,_ll~ax) ou_~na~ : 0[4] [k];

AC out.~nax =  out_~nax *  CIX1)(– li/@u);

if (o[4][k]  < out_miIl)  out_nliIl  = o[4][k];

dsc out,-]ni]l  = out_lnill * (X1)(- h/w);

130

out_a]n])  =: out_lnax –- out_Illill;



switch (out_q) {

case (1) : if (o[4][k]  <=- ((().5 *cIIIt_:IIII}J) -1 ou_nlirl))  {

fl)_out_l)llasc  = (t -  fl)-zx)/fl)_l)clio{l;

Ollt.q = -  1 ; }

break;

case (–l ) :  i f  (o[4][k]  >= ((0.5  *ou_aml))  + out_lnill)) {

fl)_out_~)llasc  :  (t -  fl)_zx)/fl,_l)c,Iio(l;

ollt.q = 1 ; }

default : break;  }

140

}

void disl_calc (doub]c  t)

{

q t!llc = 100.() - ().5*t;

distq  =- w’_t,llc*O.9*10.34c- 4*(t -1 50); / * ?]/1)  d7ivc  071 Lplitwfc */

distd  = o.1*10.34(!-- 4* (t i 50); / * ?@], jtl -- [lrit)c 7docif:/ */

w.the = 2 * pi * (400.0 + sill(2*1)i*t,/120  .()));

w_clli =- 2 * })i * (450.0 - sill(2*lJi*t/240 .()));

/’ Twi.sc  =  ((TILrLdo/  1 6 .  ~8~. ~) - 1) * (). 000027 + sqrl(sa~rlps); */

/ ’ ij (t < 5.0) 0711cij’a_z  = 0.0;

clsc ij (t < 6.0) oIILcga_z z 1. O*(fli/180.0) ‘(t– 5 . 0 ) ;

e l s e  ij (t < 9.0) orncga-.2 z 1. O*(pi/180. O);

CISC ij (t < 10.0) oIII,eqa_z z 1. O*(pi/180.0) + 2. O*(pi/180.0) *(t- ~.o);

dsc ij (t < 1~.0)  orncqa.x : 3.0*( pij16’O.O);

C1,SC aj (t < 16.0) OVIC~(l_Z : 1.5*(pi/180. o) *(16. o- t);

Ck(! 071 LC9~_Z  z 0.0;

“1

if (t < 20.0) cDIIcg;i_z = 0.0;

else if (t < 21.0) oInqyI_z  = (2*l)i/180)*(t - 20.());

else if (t < 39.0) oIIIega_z  = (2*1) i/180);

else if (t < 40.0) omcga_z ❑ (2*~Ji/180)*(40-”  t);
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Clsc olIlrga_z = 0 . 0 ;

170

}

,+#*,*$***,****  ***** ***#* ***** ***** ***+* ***$* ****$ ***** *d**+ *****#*#**********+,

void dcrivs (C1OII1J1C t, float y[], float ydot[], float udw[])

{

/’

}

flchat w] 2, w22;

w] 2 =- w_tllo*w tk!;

w22 = \\’_dli*m’.dli;

Udm[l] = 2. o*sarL(2 *3. 141592654 *444.  o * t) -t 2. o; */

uder[]]  = - 100. [)* fl)_ifl)*(fl  J/fl)_:\lll)});

if (udw[l] > 5.()) uder[l]  = 5.0;

if (udm[l]  < 0.()) uder[l  ] = 0 .0 ;

y(k)t[l  ] = y[2];

y(k)t[2]  = - (WI 2*y[l  ])- (I\’_tl)~/~1  ~’ll~:*Y[w)
+ t}lctal)(:*\i’1  2*(3.9825e--  Io*(lld(’1’[l]i  5)*(udel”[l]-1  5));

y[k)t[3]  = y[4];

Y(W41 = -- (( W*Y[31)-  ((~~T_cIIi/(1-~~lo*Y[41)
+l>},iI)C*\\22* 2* S.17c--ll *((c)lllC~aJl*y [2])+ ((listc]*y[l])-l (distd*y[z]));

float outjl)ut_CalC (float y[])

{

I’cturn (K[mt * y[4]);

}
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float flJ_calc  (float y[])



{

r(!tllrll  (Kout’ *  y[2]);

}

{

float 1(X01(1 =- 3.50;

float [:11(1 =- 57.5001  ;

float prcs =  50.0;

int St,(!ps =  2000;

int, I’ccl)l(’s  == 2000;

int Sa!llps : 50;

,***$4********* ***** $**** *$*** ****` +**** #***$ *'`+' `#''****`*'**'`"*`++*******', 220

int

float

float

float
int

int

int

id

double

float

F’IIJE

Olxk!r == 4 ;
l{C = 0.025;

*viI)it, *vlast;

Ulastj;

divs, divs2;

i7 j;

k;

Collllt(!l  = 0;

X,h,xl ,x2;

*v, *vout,  *dv, *uill;

*fi(lx, *fldy, *fidu, *fldwq, *fidom, *fklcll;

/‘* Allomtin(j doh IXCtOTS *“/

vlast  = vcctor(ord(!r);

villit, =- Ircdor(ol’dc!l’);

xx = Vcctor(st(’})s  i 1);

w  = matrix(3, Stq)s  + 1);
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o =- IIlatrix(5,  stq)s -i 1);

~ u ~llat,rix(fj,  st(~)s  +  1);

11 = Vcctol(st[:])s  + 1 ) ;

y ,. ll~at,~ix(or(l(!r,  St,(}]JS  -1 1 );

V = Vcct,ol(mk’1) ;

W)ut =“ V(!C1  Or (OI’(l( ’1’) ;

[Iv =- V(!ctm’  (01(1 [’1’) ;

llin = Vm:tm’  (older);

/ ‘ * lTLitid I)hysical Values  710t i?l disi!_cfllc **/

W_tll(! = 2 * 3.1’41592654 * 400.0;

\y_~lli  = 2 * 3.141592654 * 450.0;

(l_tll[! = 1 25.0;

distq  = (Iistd = 0.0;

]lOis(: = 0.0;

ou.max = out_ltlill = out_atlll) = 0.0;

flJ_max = fl)_mill  = fl)_m  = 0.0;

ft.aml) =. ().01;

fl]_iflJ  = 0.0;

fl)_n  = fh_zxO =- fl_Out_~)llasc~ : 0 . 0 ;

ft). ~miod = 1.0 / u_tlIe;

ollt_q ❑ i-l )_q = 1 ;

olIl(’~a_y  = 0.0;

olllcga_z  = 0.0;

/** lrtitial  Fik dato **1

fidx = fqmn  (“xdata. txt”, “w”);

fidy = folml  (“ydata  .txt”, “w”);

fidu :- folml  (“udata. txt”, “w”);

fidw$q =- folx!n  (“wqdata. txt”, “w”);

fido:II  = folml  (“omdata. txt”, “w”);

fiderr u folxnl (“errdata .txt”, “w”);

’240
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2(X
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/** ]Tlitid  ]~OtLdW~  Conditio~~s  (.qll~all diSt’lldlllTICC tO (kit](:)  **/

for (i = 1; i <= ordm;  i+ + ) {

V]ast  [i] u 0.0; }
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vlast[2] = 1 .(k- 5;

/‘‘ 1~(.qin Si,,,vlotimt ‘*/

I ‘ i~’~ (~~””  ‘- ~; d~v” ~ z (W’” *[’1”~)  - 1; ~i’’’””{ + ) { ‘i
for (divs2 L O; divs2  <= (1 Oiend - 1); divs2-1  + ) {

~JriIltf (“% .2f \n”, di~’s2/l(J~);

f~~ (~lils =- (); divs <= (~)r(’s – 1); diw+ + ) {

for (i = 1; i <= ol(l~~; i+ + ) {

sinit [i] =- I’last [i]; }

xl == (di\w2 -i divs/}WCs)/l  ().();

x 2  : (di\w2 + (divs -1 1)/~JIW)/lo.();

for (i == 1; i <=- o~(l(:~; i+ + )

{
\,[i] = Iinit[i];

y[i][l] = v[i];

}

11[1] = Ulast;

stm!_dat a( 1 ) ;

x+] = xl;

X=.xl;

11 = (x2 - xl) / St(!l)s;

dist_CalC(x);

dcrivs  (x, v, dv, uill);

rk4 (v, dv, uin, ~)l~lc~, ~, ~11 ~’olli, dcyi~’s);

output = ollt  pllt.talc(v) ;

f-i) =- f - b - c m ( v ) ;

Xi=h;

XX[2]  = x;

for (i = 1; i <= 01(1(’l;  i-+ i ){

v[i] z wui[i];

y[i][2]  ❑  \’[i];}

u[2] = uill[ ]];

stor~_data  (2);

for (k = 2; k <= steps;  k+ + ) {

dist-talc (x);

crr_calc (x, II, k, RC);
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derivs  (x, v, d~r, uiII);

Ik4 (v, dv, lliIl, order, x, II, vout,  dclivs);

Ollt})llt = Ollt]nlt. (’ale (v);

fl~ = ft).talc(v);

~ -l = 11;

Xx[li+ 1] = x;

for (i z 1; i <= order;  i-1 + ) {

v[i] = voul  [i];

y[i][k-i  1] = v[i]; }

u[k+ 1] == uiIl[l];

st,orc_data (k + I); }

for (i = 1; i <=- order; i-1 -} ) {

I’last[i]  = y[i] [stq)s]; }

Ulast  = U[st,(’ps];

if (xl >= record) {

/ * @Ltf  (“%.4 ~7L”, If); ‘/

couIit (!1’ =  (’ou~)t,cr + ] ;

if (coulltcr >= (Ims*l ().() /saIIIIM))  {

for (j =- 1; j <= (stq)s  / wq)Ics);  j-l + )

{

flmitltf  (fidx, “%g\n”,  xx[rwqms*j]);

320

for (i = 1; i <= oIdeI;  i-l -1 ) {f~lriIltf  (fidy, “%g\t”, y[i] [rccIHes*j]);  }

fl)rilltf  (fidy,  “\n”);

flnilltf (fidu, “%g\n”,  ll[Kwl)rcs*j]); 340

for (i = 1; i <= 3; i+ + ) {f])lilttf  (fid~vq, “fig\  t”, TV[i][lccljlcs*j]);  }

flmirllf (fid~vq,  “\n”);

for (i = 1; i <= 5; i-l + ) { fl)rilltf  (fidoIII, “%g\t”, (J[i][lccI)r(s*j]);  }

fluilltf (fidolIl, “\n”);
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for (i = 1; i <= 6; i+ + ) {fl)lilitf  (fi(lcrr, “zg\t”, t[i][r(cIJIcs*j]); }

flwintf  (fidcrr, “\n”);

} 3:()

Collllt(’1’  = 0;}

}

}

}

/** [:],C(ITI, ‘llJ) ‘HKII1OIVJ **/

ftec_vcct  or (Ilill);

fl’(!(!_W!ctol  ((IV);

fI’[!(:_v(!ctor  (Wut)  ;

f] (!(!_v(!ctor  (v) ;

fux_lnatrix  (y);

fl’[!(!_vcctol’  (11);

free:.lllatrix (c);

frc(_Illatrix  (o);

frcc:_Illatrix (w);

fl’cc_v(!ctor (xx);

frcc_vcctor (villit);

fl’[T_v(!ctol  (Vklst)  ;

f(’lose (fklx);

fc]osc!  (fkly);

fc]osc (fkhl);

fclosc (fi(hvq)  ;

fclosc (fi[kml);

fclose (fkk’rl)  ;

lmillt,f (“\nDONE\n”);

rctllrll (0);

3(X)
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